We report results from an adaptive optics system designed to provide imaging at the diffraction limit of resolution in the near infrared at the Multiple Mirror Telescope (MMT). For the present experiment, the aperture consisted of five of the six primary mirrors of the MMT, operating as a coherently phased array. The largest components of the atmospherically-induced wavefront aberration are the fluctuations in mean phase between the segments. These errors were derived in real time from the Fourier transform of short exposure stellar images at 2.2 µm, and corrected at an image of the telescope pupil with piston motion from a segmented adaptive mirror. At a correction rate of 43 Hz, this level of adaptive control resulted in an integrated image with a clear diffraction-limited component of 0.″075 FWHM. This stabilized component is present directly in the light arriving at the detector, and is not the result of post-processing. We discuss future improvements to our adaptive wavefront control, and its application to astronomical observations.
INTRODUCTION
Atmospheric turbulence severely limits the resolving power and signal-to-noise properties of current large telescopes. Imaging to the diffraction limit with Strehl ratio (the ratio of peak intensity to that in the diffraction-limited image) of 50% or greater requires adaptive correction of the optical wavefront errors to less than 1 radian r.m.s. The shape of the wavefront must be known to this accuracy on scales from the atmospheric correlation length r 0 up to the longest baseline of the telescope. Large scale distortion is especially troublesome for the recovery of diffraction-limited images, since its amplitude is largest in the power spectrum of turbulence, and it therefore must be removed with the highest relative accuracy.
An objective of our adaptive optics research at the MMT is to take advantage of its 6.9 m baseline to investigate ways to reconstruct phase accurately over large scales. Experience gained at the MMT in the infrared will be directed toward providing full adaptive wavefront correction in the visible for the coming generation of very large filled aperture telescopes, such as the 6.5 m MMT upgrade.
Most methods of adaptive optics developed in the past rely on wavefront sensing techniques pioneered by military groups in the last decade, for use with laser beacons (Fugate et al. 1991; Primmerman et al. 1991) . Military applications typically require the tracking of fast-moving objects, for which an artificial guide star is essential. While bright, and positionable anywhere, providing full sky coverage, such beacons do not sample quite the same path as taken by starlight, and unlike starlight are diffuse and subject to jitter because of seeing in the transmitted beam. By contrast, astronomers are mainly interested in objects moving at the sidereal rate. If a nearby natural star is available, it provides the ideal reference source which avoids the difficulties of laser beacons. Furthermore, the spatial coherence of starlight permits interferometric methods to be used to measure the shape of the wavefront directly over large scales. In the case of segmented apertures, such as the MMT, interferometric wavefront sensing has particular value. Direct measurement of phase errors is possible despite the discontinuities in the wavefront.
The MMT consists of six 1.83 m diameter telescopes arranged on a circle of 5.04 m diameter. Beam combining optics provide a coherent phased focus equivalent to that of a 6.9 m telescope masked with six circular apertures. Under typical seeing conditions at the MMT (r 0 ~ 90 cm at 2.2 µm), correction of average wavefront slope (tilt) and mean phase (piston) errors across each of the segments would be sufficient to recover diffraction-limited resolution at 2.2 µm of 0.″07 FWHM with high Strehl ratio (Angel et al. 1990) .
With no aberration, the point spread function of the telescope consists of a central peak, surrounded by twelve weaker peaks in two rings, all lying within the central Airy maximum of a single 1.83 m aperture. In good seeing, the images formed at 2.2 µm by the individual apertures remain nearly diffraction-limited, but do not stay stacked in the focal plane because of rapid image motion due to wavefront tilt errors, different for each aperture. In addition, piston errors between apertures cause continuous motion of the interference peaks where the images do overlap.
The effects of partial correction of the wavefront with adaptive optics are quite different, depending on what is corrected. Removal of slope errors alone will stabilize the stacking of the individual images, but the positions of the peaks in the interference pattern will still fluctuate as the mean phase between segments changes. In the long exposure, the speckle structure is smeared out, leaving an image resembling the Airy pattern of a single segment. For the MMT at 2.2 µm using this method to correct all six beams, we typically see images with 0.″33 FWHM. An alternative method of partial correction, used in the present work, is to correct only the piston errors between mirrors. The integrated image will show little change in width, but will show part of the energy in a fully diffraction-limited beam profile superposed on the broad seeing disk. We have already reported on the adaptive correction of phase errors between two mirrors, with recovery of interference fringes, where an artificial neural net was used to sense both tilt and piston errors (Lloyd-Hart et al. 1992a ). Here we report the first control of multiple phase differences, recovering a true image with the full diffraction-limited resolution.
METHOD
For the results presented here, we corrected only six parameters of the wavefront, on the basis of the short exposure image at 2.2 µm wavelength. The global tilt of the wavefront was determined from the position of the image centroid. The remaining four parameters were the piston errors between five segments of the MMT relative to the plane defined by the global tilt, derived from the Fourier transform of the image in a technique suggested by Fried (1991) . The derivation of the piston errors can be understood if we first consider the interference of light from an individual pair of apertures. In this case, Young's fringes with a well-defined spatial frequency and orientation are observed. In the Fourier plane, these define a point whose position is determined by the baseline and orientation of the mirrors, and whose phase is directly the piston error between the two mirrors. For multiple apertures, it is possible to obtain phase relationships for all mirrors by examining the appropriate points in the Fourier plane.
Certain restrictions on symmetry in the pupil apply, however . If there are two or more identical baselines, the fringes occupy the same point in Fourier space, and the phases add vectorially. In general, it is not possible to solve for the phases individually without extra information. This prevents the wavefront across the full six-segment aperture of the MMT from being analyzed using this technique in its present form, but the symmetry of the pupil can be broken sufficiently to solve the problem if one of the segments is removed from the optical train. For the present experiment, the pupil consisted of the five apertures highlighted in Figure 1 . The unaberrated point spread function appears as in Figure 2a which shows the underlying hexagonal symmetry of the five beam pupil. Figure 2b shows the beam profile at higher magnification. An example of a short exposure image taken at the telescope at 2.2 µm with the five-beam aperture of Figure 1 is shown in Figure 3a . Figure 3b shows the amplitude of the Fourier transform averaged over 2,000 such images. This in fact is the average short exposure modulation transfer function of the system. In this picture, each spot is the result of a single set of fringes. In the transform of the short exposure image, the relative piston error in each baseline is just the phase at the location of the corresponding spot. For the case of a five aperture pupil, there are ten baselines with measured phase errors. We use the method of phase closure (see for example Rogers et al. 1974) to yield a least squares fit of the four independent relative pistons to these data.
The derived piston and global tilt corrections are applied with an adaptive mirror configured in the adaptive optics instrument shown schematically in Figure 4 . A detailed description of this instrument is given elsewhere (Wizinowich et al. 1991) , but in essence, the image formed at the telescope's combined quasi-Cassegrain focus is relayed at unit magnification to a corrected focus via the adaptive mirror placed at a re-imaged pupil plane. A 62 × 58 indium antimonide diode array (McCarthy, McLeod, & Barlow 1990 ) is used to record the infrared images. For effective correction, the time between sensing the wavefront and moving the adaptive mirror must be no more than ~20 ms at 2 µm wavelength. In the present instance, 10 ms exposures were read out continuously, at a rate of 100 Hz, each frame taking 5.6 ms to read. The Fourier transform and wavefront reconstruction are performed on an array of Inmos transputers in about 1.3 ms. Overhead in communication requires an additional 6.5 ms, leading to a time of 23.4 ms between beginning an integration, and making a correction on the basis of the image. Since a new correction cycle begins every 10 ms, successive cycles are overlapped.
RESULTS
The algorithm was tested during a run at the MMT in 1992 May. The star γ Draconis (K magnitude -1.3) was imaged in the K′ band (2.2 µm ± 0.12 µm) using a plate scale of 0.″04 pixel -1 on the indium antimonide array. Figure 5 illustrates the success of the technique. A 20 s integration without correction (Fig. 5a) , composed of 2,000 consecutive 10 ms frames, shows a seeing-limited image with FWHM of 0.″78. This includes some broadening due to telescope aberrations (0.″46, Lloyd-Hart 1992) and residual stacking error in the five beams (about 0.″2). The component of image broadening due to the atmosphere is thus 0.″6, leading to a value for r 0 of 74 cm, or 13 cm at 0.5 µm, in agreement with values computed from the observed phase fluctuations in the individual stored frames. Immediately afterwards, three new images were taken with adaptive piston correction, with exposure times of 10 s, 20 s, and 20 s. These have been added, with no postprocessing except to divide by the detector flat-field response, to obtain Figure 5b . A strong diffraction-limited component is evident in this image, on top of a broad halo. The central core of the image has a FWHM of 0.″073 in the vertical direction, and 0.″082 horizontally, the asymmetry arising because of the shape of the pupil. The halo is caused by residual turbulence with high spatial frequency, aberrations in the optics, and the uncorrected relative slope errors.
A clearer view of the diffraction pattern can be seen in Figure 5c , where the seeing halo has been fitted and subtracted, and the image has been repixelized at 0.″013 pixel -1 . In the unaberrated image of Figure 2 , there is no residual uncorrected halo, and the diffraction-limited component contains 100% of the energy. For the result of Figure 5 , the diffraction-limited portion of the image (Figure 5c ) contains 4.5% of the total energy. Table 1 compares the achieved Strehl ratio (3.5%) and fractional energy in the diffraction-limited component with Monte Carlo simulations including the effects of atmospheric turbulence, static telescope aberrations, detector and photon noise, and the time delay between wavefront sensing and correction. Under ideal conditions of zero noise and servo lag, the Strehl ratio with piston control alone would improve from 2.1% in the uncorrected image to 5.3%. With the addition of detector noise, the Strehl ratio is reduced to 4.5%. We attribute the further reduction in the achieved Strehl ratio to the error introduced by the delay in correction; analysis of the individual corrected frames shows that the r.m.s. error in the applied piston values was 1.0 radian.
TABLE 1 Simulated and Actual Results for Piston and Tilt Correction
Notes. -Computer simulations have been carried out to illustrate the performance to be expected from separate tip/tilt and piston adaptive control loops at 2.2 mm wavelength, and r 0 = 74 cm. These were the conditions pertaining to the actual results, shown for comparison at the bottom of the table. The results also show the degrading effect of detector and photon noise, and the time delay between sensing and correcting the wavefront. The noise included in some of the simulations consisted of 300 electrons per pixel r.m.s. (appropriate for our present indium antimonide detector) and photon noise from a star with K magnitude -1.3, and system throughput of 30%. Error due to servo lag was computed assuming a windspeed of 20 m s -1 , and a correction loop cycle time of 15 ms. For the first four columns, a check () indicates the inclusion of the effect in the simulation. The last column lists the percentage of the total energy in the diffractionlimited (DLC) of the long exposure image. 
FUTURE EXPERIMENTS AND APPLICATIONS
We have shown that it is possible to obtain diffraction-limited resolution in the near infrared at a large telescope with adaptive control of remarkably few variables. Previous measurements of the corrected field-of-view with piston control have shown that a circle at least 20″ in diameter around the reference star is also corrected to the diffraction limit (Lloyd-Hart et al. 1992b ). To be of significant value for astronomical research however, improved energy concentration will be required, and the ability to correct with faint reference stars. How far can this method be pushed?
Our immediate plans call for simultaneous correction of piston and tilt errors across the individual apertures. Simulations shown in Table 1 indicate that if the tilt is removed as well as the piston differences between segments, the Strehl ratio will increase significantly as will the sensitivity of the phase retrieval, not only because of the immediate increase in light concentration, but also because with increased fringe contrast, the piston errors can be found to higher accuracy. The scope of available research is determined by the limiting magnitude of the adaptive system. With our present infrared camera and instrumental throughput, simulations show that we will be able to maintain diffraction-limited imaging in good seeing for stars down to K magnitude 7.
We are presently implementing an adaptive tilt corrector based on a new small format, fast readout, low noise CCD. Visible light is separated from the beam above the relay lens in Figure 4 by a dichroic beamsplitter, and a lenslet array images the five beams separately onto a 24 × 24 pixel active area in the manner of a Hartmann-Shack sensor. Closed-loop tests at the telescope have shown that under good seeing conditions, the CCD sensor provides excellent five beam slope control (Wittman et al. 1992) , yielding K band images on the infrared camera with resolution degraded only about 25% from the diffraction limit of 0.″25 for a single 1.83 m aperture.
Because of the problems associated with redundancy, the method of phase retrieval from Fourier transform as described here does not work with filled apertures, though Lloyd-Hart (1992) discusses a modification of the technique for use with single aperture telescopes. The technique can readily be extended to visible light, for very high resolution imaging in an isoplanatic area of around 5″ diameter. We plan experiments in which the present MMT will be masked to yield a largely non-redundant array of 15 apertures of 0.5 m diameter spread over the full 6.9 m aperture. The available Fourier space will be filled with some 100 different baselines. At 0.8 µm wavelength the natural beam profile will then have a bright central spike of 0.″024 FWHM.
Adaptive correction of both the individual wavefront tilts and the phase differences from the Fourier transform will be made with a 15 segment adaptive mirror matched to the array. A separate CCD for the piston-sensing element of the system with readout noise 100 times less than the present indium antimonide detector will allow a correction loop cycle time of about 5 ms. The larger number of subapertures increases the photon noise in each phase measurement, but this degradation is more than offset by the greater number of measured phase differences, and the improved read noise characteristics; we expect to reach reference stars of m v = 10.
While the imaging from this dilute array will not be nearly as clean or reach nearly as deep as a fully corrected large aperture, it will allow early exploration of brighter objects at unprecedented resolution. Given the uniform response function of present CCDs, we expect that the complex beam profile will be well removed with algorithms developed for removing the instrumental point spread function from images obtained by the Hubble telescope and by speckle interferometry. 
